In this research, centrifugal pump unit was analysed to study the effects of using inducers on its performance. Hydraulic tests were done to obtain the optimum hydraulic performance before and after using inducer. Two types of inducers were used in this work (axial, helical). For this purpose, a test rig was specially designed with a pump system to investigate the parameters under consideration. Plots (H-Q) curves, (B.P.-Q) curves and (η-Q) curves were used to show the effect of pump performance with and without inducers. The present study introduces a simulation of centrifugal pump performance in conjunction with inducers using CFD (Computational Fluid Dynamics), to compare it with experimentally observed values. The model investigates the impact of using inducers on the head and flow of the pump. The results of the CFD model and experimental are correlated well. Furthermore, the results help the decision makers of the pumps for future developments in pump performance assuring safe and reliable running condition of the water pumps. Also it may be used for more applications of larger head and flow pumps.
Introduction


Inducer is an axial impeller which is installed in the same shaft with the impeller of the pump, in front of pump. The main goal of inducer is generating an additionally specific energy on the inlet of the impeller of the pump. The inducer is used usually for the pumps with sever suction condition. It will be replaced after a certain operating time and that is why the technology for its execution has to be simple and economical. In case that using an inducer with a pumping head H, the level of the minimum pressure from the impeller of the pump is rising from correspondence with this pumping head [1] . The reliability of pumps was improved when the original stainless steel impeller and inducer were replaced by titanium, which is to raise the output shaft critical speed above the pump operating speed. These improvements have lowered the shaft vibration and greatly improved the reliability of the pump. Synchronous vibration continues to be a problem [2] . The cavitation phenomena start causing both of main pump head and/or efficiency to be reduced significantly, then generates vibration and noise. In order to avoid these phenomena, the inlet of the pump is fitted with a special rotor called an inducer, which can operate satisfactorily with extensive cavitation [3] .
Rotational energy is imparted to the fluid as it is propagated up the inducer blades to the impeller inlet. Once the fluid has enough rotational energy it beings to rotate with the inducer blade and no longer moves up towards the impeller inlet. Using grooves or vanes on the inducer housing in a counter rotational direction to the inducer, will catch the rotating fluid. The fluid will be pushed up in the grooves or along the vanes towards the impeller inlet. This improved The design of inducers is critical to achieving high suction performance in industrial pumps and rocket engine turbo pumps. However, the conventional design approach, based on blade angles, often causes unstable pump operation. Instabilities such as strong inlet backflow and rotating cavitation in inducers may cause mechanical failures in pumps and the entire pumping system [4] .
Experimental Test Procedures
Hydraulic tests were done to evaluate pump unit performance with and without conditions of using inducers. Firstly, the whole pump performance was analyzed before using inducer. Then, two types of inducers (helical-axial) were installed to study their effect on the hydraulic performance of the pump unit. The inducer was mounted on the threaded area of the rotor assembly (taking the place of the impeller nut) and operates as a low (NPSH) axial flow impeller in series with the main pump impeller [5] . Flow rate, suction and delivery pressure heads, power consumption, and overall efficiency are measured and calculated to determine hydraulic performance at the different operating conditions. BEP (best efficiency points) are determined by different operating speed for the pumping unit providing optimum hydraulic performance.
The test rig as shown in Fig. 1 is a closed circuit where the pump sucks from and delivers water to a big tank (4 m 3 ). Two manometers with an error reading of (±) 1% are mounted on the suction and delivery pipes to measure the pump head, while the calibrated flow-meter, with an error reading of (±) 2% is mounted on the delivery pipe to measure the pump discharge, the discharge is controlled by means of a sluice valve. The designed specifications of the pump are, 45 L/sec. discharge, 27 m head, 30 kW motor power, and 1,500 rpm motor speed as shown in Fig. 2. 
Hydraulic Results and Analysis
A complete set of readings were taken at different discharges from shut-off to full open delivery valve, to cover the entire range of operation of the pump with and without inducers. Flow rate, suction and delivery pressure heads, power consumption, and overall efficiency are measured and calculated to determine hydraulic performance at the different conditions. Plots (Q-H) curves, (Q-P) curves and (Q-η) curves are used to show the effect of pump performance with and without inducers and for different parameters of helical and axial inducers. Hydraulic measurements were taken before using inducer as shown in Table 1 . 
Reliability Improvements to Centrifugal Pump Performance in Conjunction with
Inducers, CFD Comparative Study Performance curve for H-Q relation, static efficiency and consumed power, is shown in Fig. 3 . After that, inducer was mounted on the threaded area of the rotor assembly (taking the place of the impeller nut) and operates as a low (NPSH) axial flow impeller in series with the main pump impeller. Two types of inducers (axial & helical) were installed as shown in Fig. 4 . The axial inducer was manufactured with 4 blades with inlet and outlet blade angles (β1-β2) of (11.5°-29.5°) [5] . The helical inducer was manufactured with 4 turns and angle of 12° and then, hydraulic measurements were repeated as shown in inducer Fig. 5 .
Firstly
Axial inducer was installed and hydraulic measurements were taken as shown in Table 2 . Complete performance curve for H-Q relation, static efficiency and consumed power, is shown in Fig. 6 . It could be seen that the head increased about 18%. The maximum overall efficiency was improved and increased to be 68%.
Secondly
The helical inducer was manufactured with 4 turns and angle of 12°, as shown in Fig. 7 .
The helical inducer was installed and hydraulic measurements were taken as shown in Table 3 . The results of hydraulic measurements using helical inducer are shown in Fig. 8 . So, using helical inducer improved overall efficiency to reach 71.59% and increased head about 20%. Experimental work illustrated that using helical inducer enhanced the increasing of pump efficiency about 26%, increased head about 20%, whereas using axial inducer improved the increasing of pump efficiency reach 22% and increased head about 18%. A CFD model will be done to compare experimental results with its numerical ones and show degree of correlation with the experimental values [6] .
Mathematical Modeling
The CFD (computational fluid dynamic) model of the pump in conjunction with inducer is a crucial part of this study. The model investigates the impact of using inducer on the head and flow curves. The results of this phase have a huge impact on the quality of the results obtained by experimental setup and the mathematical model developed. The main problem was to model the geometry of the inducer in conjunction with the pump. Actually the CFD part of this study is only to find out the correlation between the experimentally observed data and data generated by the CFD model. If the CFD model thus develops to establish good correlation with the observed data, it could be used to analyze the various types of the system without fabricating the physical model. From a purely numerical perspective the geometric complexity of the problem is that it demands the full power of modern CFD to solve the equations of motion and turbulence models in domains that involve multiple surfaces [7] . 
Numerical Simulation and Building Model
The numerical simulation has been made after the completion of experimental measurements. The simulation has been made using CFD code i.e. FLUENT software under ANSYS version 12.0, commercial code with solving 3D flow. The FLUENT model serves as a tool that discretizes and solves governing equations for specifics geometrics using a set of finite volume [8] .
Geometry Design
The basic three-dimensional geometry is prepared using CFturbo. The generated grid using GAMBIT. The meshes required for the calculations were generated and checked by using the CFD preprocessing package, GAMBIT. Due to the geometry of the pump is very complex, unstructured tetrahedral mesh is used. "EquiAngle Skew" and "EquiSize Skew" of the grid were all less than 0.95, so the grid quality is good. Fig. 10 shows the 3D model and wall grid of the calculation region with 7 blades.
Numerical Simulation for Pump Model
FLUENT was used to simulate the inner flow field under non cavitations' condition. The standard k-ε turbulence model and SIMPLEC algorithm are applied to solve the RANS equations. The simulation is steady and moving reference frame is applied to take into account the impeller-volute interaction. Convergence precision of residuals is 10-5.
Governing Equations
The incompressible flow through the rotating impeller is solved in a moving frame of reference with constant rotational speed equal the rotational speed of the impeller. The flow through the stationary parts of the pump is solved in an inertial reference frame. The governing equations for the impeller are formulated below:
Where ρ, is the density of the fluid, P is the static pressure, u r is the vector fluid velocity in the rotating system, Ω is the rotational speed and μ eff is the dynamic effective viscosity which is a linear combination of laminar and turbulent viscosity derived from k-ɛ model of turbulence. The last two 
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Where, u is the vector fluid velocity in the stationary frame of reference. The turbulence of the flow is modeled with standard k-ε model that is rated as the most used model that combines simplicity, robustness and reasonable accuracy. Moreover, it has been tested in a wide range of industrial flows showing satisfactory results. The differential transport equations for the turbulence kinetic energy and turbulence dissipation rate are:
Where, u is the local velocity vector, k is the turbulent kinetic energy, ε is the dissipation rate, μ is the laminar viscosity, μ t is the turbulent viscosity, G k represents the generation of turbulent kinetic energy due to the mean velocity gradients, σk and σε are the turbulent. Prandtl numbers and C 1k = 1.44, C 2ε = 1.92 and C m = 0.09 are the constants of the model.
Boundary Conditions
In the present study, mass flow rate and outflow boundary conditions were used for the inlet and outlet, respectively. Outer walls were stationary but the inner walls were rotational. There were interfaces between the stationary and rotational regions. Non slip boundary conditions have been imposed over the impeller blades and walls, the volute casing and the inlet wall and the roughness of all walls are considered 100 μm. The turbulence intensity at the inlet totally depends on the upstream history of flow. Since the fluid in the suction tank is undisturbed, the turbulence intensity for all conditions is considered 5%. Water was used as a working fluid in ambient condition.
Results and Discussion
Main Results
Case 1 (pump without inducer):
The hydraulic measurement results before using inducer can be illustrated as follows in Table 5 and Figs. 11 and 12 . These values show that the static pressure increases gradually from inlet to outlet, the pressure difference between the outlet and the inlet is different. Heads upstream of the impeller can be computed by the pressure difference.
Case 2 (pump in conjunction with axial inducer): The hydraulic measurement results using axial inducer can be illustrated as follows in Table 6 and Figs. 13 and 14. Case 3 (pump in conjunction with helical inducer): The hydraulic measurement results using helical inducer can be illustrated as follows in Table 7 and pump performance by increasing both its efficiency and head, but decreasing brake power. Therefore, this research proved that adding helical inducer enhanced the increasing of pump efficiency about 26%, increased head about 20%, whereas using axial inducer improved the increasing of pump efficiency reach 22% and increased head about 18%. A CFD model thus developed showed a good correlation with the experimentally observed values.
NPSH (Net Positive Suction Head) for Centrifugal Pump
One of the most important considerations in selecting and applying a centrifugal pump in the existing conditions is the pump's suction system. These conditions are best expressed as "NPSH" (net positive suction head). This term is officially defined in accordance with the standards of the Hydraulic Institute as "The total suction head in feet of liquid absolute, determined at the suction nozzle and corrected to datum, less the vapor pressure of the liquid in feet absolute". In simple terms, NPSH is the absolute pressure in feet of liquid at pumping temperature available at the pump suction flange above vapor pressure [6] . Since centrifugal pumps are incapable of handling large quantities of vapor the pump's external suction system must provide sufficient absolute pressure to prevent vaporization or flashing in the impeller. This pressure is normally referred to the centerline of the pump suction nozzle. When this pressure is not sufficient to prevent vaporization, the phenomenon known as (cavitations), occurs causing damage to the impeller, reduction in pump developed head and capacity, noise and vibration [6] . Pump manufacturers are determined to test the NPSH required at various capacities for a particular pump and plot it as a function of capacity. This is referred to as NPSHR (net positive suction head required). Conversely, the NPSH available in the system is referred to as NPSHA (net positive suction head available). For cavitations free operation the NPSHA must equal or exceed the NPSHR at the desired capacity. It must be realized that suction conditions and NPSHA are very important than the pumps capacity and total head. More attention to suction conditions and NPSHA will result in more trouble, free pump operation [6] .
Comparison between NPSH for Centrifugal Pump with Helical, Axial, and without Inducers
In order to compare the present work with other investigators regarding the pump NPSH, the best obtained configuration of the inducers section was selected and the NPSH was calculated at these selected types at the maximum efficiency points:
(1) For helical inducer, maximum efficiency (72%) at 1,000 rpm is obtained by using (3 turns-17º) helical inducer.
(2) For axial inducer, maximum efficiency (62%) at 1,000 rpm is obtained by using (4) Bladed-(β1 = 11.5º, β2 = 29.5º) axial inducer. It's so clear that adding an inducer can improve pump performance against cavitation. Moreover, the helical inducer exhibits the best performance against cavitation; the second is the axial inducer; the third is the pump without inducer.
Conclusions
The flow of the centrifugal pump with inducers: axial (4-blades) and helical (3 turns) are numerically simulated. The corresponding performance is carried out experimentally. The conclusions can be summarized as follows:
Comparison of the simulation and experiment shows that the trends of performance curves are close. The tested pump conjunction with different inducers has different heads. The head of the centrifugal pump reaches its highest values with using helical inducers;
Moreover, using helical inducer enhances pump hydraulic performance as head increased 20%. Using axial inducer enhances pump hydraulic performance as head increased 18%. On the other hand, the pump should be mechanically compatible with the addition of inducer otherwise it may produce a problem. Using helical inducer enhances both dynamic and hydraulic performances of the pump with an insignificant change than using axial inducer, but with high obviously values than using pump without inducer;
The present research paper can supply significant guide for inducer's user for different applications. 
